Simulations of the photodynamics of ethylene were carried out by employing the semiempirical direct trajectory with surface hopping method in order to assess quantitatively the importance of different regions of the S 2 / S 1 and S 1 / S 0 crossing seams. The results show that during the first 50 fs after a vertical photoexcitation to the * state, the nonadiabatic coupling between the S 1 and the S 2 states produces a recurrence pattern of oscillation of the populations in these states. Within the first 100 fs, the S 1 state population spans a limited region of the configuration space between the initial geometries and the twisted-pyramidalized minimum on the crossing seam ͑MXS͒. Depending on the way of counting, about 50% of the S 1 → S 0 transitions occur in the pyramidalized region of the crossing seam, but not necessarily close to the MXS. The remaining 50% occurs in the H-migration and ethylidene regions. Our analysis shows that the ethylidene region becomes more important in later stages of the dynamics when the flux of trajectories that was not effectively converted to the ground state in the pyramidalized region starts to reach this part of the configuration space. The excited-state nonadiabatic dynamics could be employed to generate suitable initial phase space distributions for the hot-ethylene ground-state kinetic studies.
I. INTRODUCTION
The investigation of the photochemistry of ethylene has a long tradition in both experimental and theoretical studies. Starting from the early efforts to compute and explain the electronic absorption spectrum of ethylene, 1,2 the potential energy surfaces ͑PES͒ of ethylene have been explored in increasing detail starting with investigations of the torsional potential 2 and the sudden polarization effect. 3 The V͑ * ͒ and Z͑ *2 ͒ states ͑for a characterization of these states see Ref. 4͒ are strongly stabilized by the torsion and are nearly degenerate at a torsional angle of 90°. However, the energy gap of 2.4 eV to the ground state is too large and the nonadiabatic couplings are too small 5, 6 to explain, for example, the measurement of the ultrafast decay of the V͑S 1 ͒ state. [7] [8] [9] [10] In the search for the intersection of the V state with the ground state-a major feature governing the photodynamics of ethylene-significant progress was made by the work of Ohmine 11 who pointed out the importance of a hydrogen migration process for this intersection. During a long period of time, the investigation of the pyramidalization process was focused almost exclusively on the aforementioned sudden polarization effect. In these investigations, the pyramidalization up to an angle of only 70°was investigated, 5 which is too small to reach the S 1 / S 0 crossing occurring at around 95°in a rigid pyramidalization. 12 Only in 1998, Freund and Klessinger, 13 and independently Ben-Nun and Martinez 14 pointed out that pyramidalization should play an important role in the photochemistry of ethylene. It is remarkable that both groups have achieved this conclusion at the same time but by two very distinct approaches. While Freund and Klessinger were searching for the effect of the symmetry restrictions imposed by Ohmine in his work on H migration, 11 Ben-Nun and Martinez noted in their ab initio multiple spawning dynamics that the S 1 / S 0 conversion occurred mainly at the twisted-pyramidalized conical intersection. Later on, Ben-Nun and Martínez 15 presented a complete optimization of the H-migration and twisted-pyramidalized conical intersections at the complete active space ͑CASSCF͒ level. These authors also showed the existence of conical intersections for the ethylidene 15 and C 3v -ethylidene ͑Ref. 16͒ structures. All these conical intersections were afterwards reoptimized at the multireference configuration interaction calculation with singles and double ͑MR-CISD͒ level. 12 At present, there are four identified types of S 1 / S 0 conical intersections on the PES of ethylene in energetically accessible regions: the twisted-pyramidalized, [13] [14] [15] the ethylidene, 15 the hydrogen migration, 11, 17 and the C 3v -ethylidene ͑Ref. 16͒ intersections. The first two conical intersections are minima on the crossing seam ͑MXS͒. The last one is a symmetry-required Jahn-Teller conical intersection formed by two states that belong to the irreducible representation E in C 3v symmetry.
In Ref. 15 Ben-Nun and Martínez suggested that the H-migration conical intersection should be a transition state within a seam connecting the two symmetry-equivalent twisted-pyramidalized MXSs, while the ethylidene MXS would be part of a nonconnected seam or would be separated from the H-migration region by a large barrier. The first hypothesis has been confirmed by Wilsey and Houk 18 and by Laino and Passerone. 19 Recently, 20 Martinez has conjectured generally that all S 0 / S 1 conical intersections should be con- nected by the same seam. In a recent multireference configuration interaction ͑MR-CI͒ investigation, 12 we have shown that at least the connection between the H-migration and the ethylidene conical intersections indeed exists within the same seam, and also that other high-energy conical intersections of scissored and superstaggered structures are also connected to this seam.
The present understanding that has emerged from these investigations is that the S 0 / S 1 seam in ethylene is an extended hypersurface covering quite different structures, but which can be qualitatively characterized in terms of pyramidalization and hydrogen migration coordinates. This characterization has worked as a guide to explore the conical intersections in other, much larger systems, such as cyclohexene and norbornene 18 or stilbene. 21 The identification of an energetically accessible conical intersection does not imply that it is relevant for the photochemistry of the system. Occasionally, the time for the system to reach one conical intersection can be too long in comparison to the time it takes to reach other ones. Therefore, the role of each conical intersection in the photochemistry will differ during the excited-state time evolution. In the case of ethylene, it has been suggested that the twistedpyramidalized MXS is the main funnel to the ground state. 13, 14, 22, 23 However, some authors 8, 11, 12, [24] [25] [26] have claimed that the H-migration conical intersection and ethylidene MXS should also play some role in the photochemistry of ethylene.
In spite of several previous theoretical investigations on the photodynamics of ethylene in the literature, 14, 22, 23, [27] [28] [29] [30] [31] there is still no quantitative assessment of the importance of each conical intersection or, in more general terms, of each region of the S 1 / S 0 seam. The presentation of this assessment and of a qualitative picture of the photochemical process are the aims of the present study.
If one wants to accomplish these goals by employing a molecular dynamics approach, one needs very good statistical samples formed by a large number of trajectories. This can be a problem, since the bottleneck for all available approaches for molecular dynamics calculations is the time to perform the huge number of electronic energy and gradient calculations. This problem is especially serious in the present case of multiple surfaces and conical intersections were multireference methods such as MR-CI are needed for a proper description of the energy surfaces. Ab initio calculations performed at this level will be much too expensive in most cases. A way to overcome this problem is to use simpler approaches for the electronic energy calculations. Within this spirit, several developments and investigations have been made recently 16, 22, [31] [32] [33] [34] using semiempirical methods for the calculation of electronic energies, gradients, and nonadiabatic couplings. In comparison with ab initio methods, this choice leads to a reduction by several orders of magnitude in computation time. However, the price to pay for this reduction is, of course, the loss of reliability of the results, since semiempirical methods cannot be expected to work well with standard parametrizations at distorted geometries ͑especially in excited states͒ far from the structures used during such parametrizations. Therefore, a reparametrization is mandatory. This is the point of contact between the ab initio potential energy surfaces, which can be used as benchmark input, and the semiempirical methods.
In our investigations we have chosen the semiempirical direct trajectory with surface hopping method ͑DTSH͒, as developed by Granucci, Persico, and Toniolo, 22 because of its numerical efficiency in comparison to ab initio approaches. 23, 30 Calculations were performed by means of the semiempirical AM1 method, 35 for which we have recently performed a reparametrization, 31 based on our MR-CI calculations 12 and using crucial sections of the ethylene energy surfaces. We believe that in this way we have overcome major difficulties of the original AM1 parametrization. The other important advantage of the DTSH dynamics is the direct ͑on-the-fly͒ approach for the calculation of the required energies, gradients, and nonadiabatic couplings. In this way cumbersome fittings of energy surfaces can be avoided, which would have severely limited the number of nuclear degrees of freedom to be used in the calculations. However, we need to bear in mind that such a semiclassical dynamics will always have its limitations 36 and it cannot be expected to furnish results as accurate as those from a quantum approach.
II. COMPUTATIONAL DETAILS
Molecular dynamics simulations were performed using the DTSH method. The details of the method are described in Ref. 22 . The ground-state and two excited-state electronic energies, gradients and nonadiabatic transition probabilities were calculated at the multielectron configuration interaction MECI͑2,2͒/AM1 ͑Refs. 35,37͒ level with the floating occupation molecular orbitals method. 38 The AM1 parameters were obtained in such a way so as to reproduce ab initio targets for ethylene, as described in Ref. 31 . Nonadiabatic transition probabilities were obtained by the fewest switch strategy introduced by Tully. 39 The trajectories were determined by integration of the Newton equations for 200 fs with a time step of 0.1 fs. Initial conditions were sampled in order to reproduce the normal mode quantum harmonic oscillator in its vibrational ground state. Simulations with 1000 trajectories were carried out for two different ranges of vertical excitation energies, E v = 6.2± 0.3 eV and E v = 7.35± 0.15 eV, corresponding, respectively, to the experimental excitation energy used in Refs. 7,8 and the vertical energy obtained from the ground-state minimum with the AM1 method.
For each surface hopping event, the geometrical structures were classified into six categories according to the scheme shown in Fig. 1 . The corresponding parameters are given in Table I . The pyramidalization and the hydrogenmigration angles are defined in Fig. 2 . If the structure has one or more H atoms far from both carbons at a distance larger than a threshold 1 , this structure is denominated dissociated. If the structure is not dissociated and it has three H atoms connected to the same carbon and only one connected to the other carbon, it is named ethylidene. If the structure has one H atom equidistant, within ␦r, to the two carbons, this H atoms is named migrating. If the structure-with or without a migrating atom-has at least one pyramidalization angle larger than ␤ min , it is called pyramidalized. If the structure does not contain a migrating atom and is not pyramidalized, it is named twisted if at least three of the four HCCH dihedral angles are 90°or 270°, within a margin of ±␦. If the structure has a migrating atom, is not pyramidalized, and there is not a H atom at the other side blocking its path to ethylidene isomerization, it is named H migration. If a structure cannot be classified in one of these categories, it remains unassigned. The parameters employed in the classification ͑Table I͒ were adjusted such as to correctly classify a selected set of structures by visual inspection. The classification of the structures is a difficult task and somewhat arbitrary. For example, there is not a physically clear definition of geometrical distances and angles from which a structure should not be classified as H migration but as pyramidalized. Although we have to bear in mind that there is no unique solution for this kind problem, tests showed that small variations in the parameters do not produce qualitative changes in the final classifications.
Additional ab initio calculations were performed to characterize the MXS between the V͑S 1 ͒ and the Z͑S 2 ͒ states. To accomplish this, state-averaged CASSCF͑2,2͒ calculations were performed for the three valence states N , V, and Z. The same CAS͑2,2͒ was used as a reference space in the subsequent multireference configuration interaction calculations with singles and doubles ͑MR-CISD͒ as described in Ref. 12 . The aug-cc-pVDZ basis set 40, 41 was used. Determination of the minima on the crossing seam ͑MXS͒ was performed using the analytic MR-CI gradients, [42] [43] [44] [45] the nonadiabatic coupling vectors, 46 and the direct inversion in the interactive subspace procedure developed in Ref. 47 . The DTSH calculations were performed with a development version of the program MOPAC package. 22, 48 All MR-CISD calculations were performed with the COLUMBUS program system. [49] [50] [51] The atomic orbital ͑AO͒ integrals and AO gradient integrals have been computed with program modules taken from DALTON.
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III. THE S 1 / S 2 CROSSING
In the beginning of the dynamics, the system starts with the torsional motion. The average torsion angle reaches 90°F in just 10 fs. As it is well known, 53,54 along the torsion, there is a crossing between the V͑S 1 ͒ and the Z͑S 2 ͒ states. In Fig. 3 the optimized AM1 and MR-CISD geometrical parameters for this MXS are given. Note, in particular, that the crossing does not occur exactly at a torsional angle of 90°and the structure belongs to the D 2 point group. Figure 3 also presents the gradient difference vector g 12 and the nonadiabatic coupling vector h 12 . 47 It should be mentioned that the two electronic states of A and B 1 symmetry are strongly mixed at the intersection point due to numerical noise. The g-h space, in which the degeneracy is lifted linearly, is mainly composed of the torsion and the asymmetric bending modes. Although the role of the torsional mode for this coupling is known for a long time ͑see for example Ref. 5͒, Viel et al. 27, 30 have pointed out the importance of the asymmetrical bending recently for the first time. These authors have shown in wave-packet dynamics simulations that the transfer between S 1 and S 2 is greatly enhanced if the PES includes the asymmetrical bending coordinate.
One important point concerning the quality of the present simulations is the fact that the DTSH method predicts similar recurrences in the S 1 adiabatic occupation ͑see Fig. 4 and Ref. 31͒ as was predicted in the wave-packet dynamics calculations carried out by Viel et al. 30 Figure 4 also shows that the recurrence pattern is attenuated in the average electronic state probability ͉A 1 ͑t͉͒ av 2 ͓for definition see Eq. ͑7͒ of Ref. 22͔, although it is still possible to distinguish the peaks. In a counter example, Worth, Hunt, and Robb 55 have demonstrated that the surface hopping dynamics simulation of butatriene showed a lack of recurrences in the adiabatic populations obtained with the surface hopping method.
In the ethylene case, the present simulations show that the transitions between S 1 and S 2 occur in both directions almost exclusively at twisted and slightly pyramidalized structures ͑Table II͒. Although 68% ͑E v h = 6.2 eV͒ or 75% ͑E v h = 7.35 eV͒ of S 1 → S 2 hoppings occur in pyramidalized structures, we should bear in mind that the average pyramidalization angle for these structures is just 23°and the maximum is 58°, which are far from the twisted-pyramidalized S 0 / S 1 MXS for which this angle is 84.8°.
One may see in Fig. 5 that when the system has the average torsion angle in the region of the S 1 / S 2 intersection ͑80°Ͻ Ͻ 100°͒, the first derivative of the adiabatic population S 1 is negative, which indicates the decrease of this population, with a major transfer from S 1 to S 2 . When the system is out of this region, the first derivative tends to be positive, which indicates that the major direction of the transfer is now from S 2 to S 1 .
In summary, the S 1 / S 2 recurrence pattern arises from the following processes: ͑a͒ an initial transfer from S 1 to S 2 starts at 10 fs, when the torsion reaches the region of S 2 / S 1 conical intersections. ͑b͒ At 20 fs, the system has left the conical intersection region and the S 1 → S 2 transfer stops. Meanwhile an inverse transfer S 2 → S 1 starts induced by the coupling between the torsional velocity and the nonadiabatic coupling vector h 12 . 39 In this case, the transitions do not occur in the intersection region and the hopping energy distribution is centered at 1 eV. ͑c͒ At 30 fs, the system returns to the conical intersection region. Now, the transfer occurs in both directions, with predominance of S 1 → S 2 . ͑d͒ Around 40 fs, the process in ͑b͒ restarts and ͑e͒ during the next few torsional periods of the system, these processes repeat, but each time with smaller coherence due to the influence of the other modes, such as pyramidalization.
IV. CHARACTERIZATION OF THE S 1 / S 0 SEAM
With an energy of 6.2-7.35 eV for the vertical excitation, extensive portions of the S 1 / S 0 seam, including the con- tinuous connection between the four aforementioned conical intersections, can be reached during the dynamics of the system. Since all conical intersections can be qualitatively described in terms of H-migration and pyramidalization coordinates, defined via the angles and ␤ in Fig. 2 , we use these two coordinates also for the characterization of the paths connecting these structures. The process of pyramidalization and H migration starts between 20 and 40 fs. Figure 6 shows the evolution of three trajectories in the H-migration/pyramidalization configuration space. These trajectories were selected in order to illustrate the first hopping to S 0 occurring near each one of the main conical intersections. In all these three trajectories, the system spends around 20-30 fs at small pyramidalization and large H-migration angles, before moving to the pyramidalized region. In the first trajectory ͓Fig. 6͑a͔͒, the hopping occurs near the twisted-pyramidalized MXS. In the other two trajectories ͓Figs. 6͑b͒ and 6͑c͔͒, the system moves close to the pyramidalized region, but it does not switch to the ground state there. Instead, it moves on to other regions of the configuration space, in which the first hopping to S 0 finally occurs.
The first trajectory of Fig. 6 is the most common type of trajectory. In Fig. 7 we see that in the first 100 fs the trajectories spread over the configuration space in a systematic pattern of pyramidalization with some degree of H migration. The first trajectories reaching the region close to the twisted-pyramidalized MXS do so within just 20 fs after starting the dynamics. The regions close to the ethylidene MXS and the H-migration conical intersection can be reached after 40 fs. In 100 fs, the system explores all energetically available configuration space, but the S 1 population is concentrated in the region between the initial geometries and the twisted-pyramidalized MXS. Different from the S 1 population, the one for S 0 spreads out more or less uniformly on the energetically available configuration space. The regions with the highest density of points in Fig. 7 characterize the minimal energy paths, which have been successfully applied to the study of reaction mechanisms involving conical intersections of large organic systems. 56 If only the first S 1 → S 0 hopping in each trajectory is considered ͑first column in Table III͒ , the contribution of the pyramidalized region is the dominant one, and the ethylidene region is responsible for just 6%-10% of the transitions. This happens because the pyramidalized region is more easily reached than the ethylidene region during the first 100 fs. However, since the system can eventually return to the S 1 state, each trajectory can have more than one S 1 → S 0 hopping. For instance, Fig. 8͑a͒ shows that more than 20% of trajectories undergo two S 1 → S 0 hoppings. If all S 1 → S 0 hoppings are computed ͑last column in Table III͒ , the fraction of transitions occurring in the ethylidene region rises to around 30%. It is quite difficult to obtain and overview of the sequence of hoppings and back-hoppings in the different structural regions of ethylene. We devised two ways of analysis for this purpose. In the first one we analyze trajectories starting from the first hopping and follow the back-hopping and hoppings along the trajectory. A typical situation is depicted in Fig. 9 . If no back-hopping occurs within a given time window ⌬t then this hopping is called effective first hopping; 
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The photodynamics of ethylene J. Chem. Phys. 122, 174307 ͑2005͒ the molecular structure at this time is determined and the analysis of that trajectory is stopped. If the back-hopping occurred earlier than ⌬t, then the original hopping is ignored in the analysis and it is restarted after a new S 1 → S 0 event. In that way we can follow ͑on the average͒ the history of the back-hoppings and analyze into which energetic and structural regions they were leading. The second mode of backhopping analysis is called seam efficiency and will be discussed below. The fraction of effective first hoppings in each region is denominated eff ͑⌬t͒. Table III shows the fraction of effective first hoppings in each region for ⌬t = 10 fs and ⌬t = 50 fs. In a time window of 10 fs the system is likely to evolve into regions close to where the hopping occurred. Within 50 fs, however, there is enough time for the system to move far away from the region of the original hopping. This situation is reflected in the statistics of the effective first hopping. For instance, 60.2% of the first hoppings ͓ eff ͑0 fs͔͒ occur at the pyramidalized region ͑see Table III , E v = 7.35 eV͒. If the effective first hoppings within 10 fs and 50 fs are regarded, the participation of the pyramidalized region decreases to 53.8% and 51.0%, respectively. In the ethylidene region the reverse process occurs: although the fraction of first hoppings is only 9.6%, the effective first hoppings increase to 15.3% and 19.4% when time windows of 10 and 50 fs are taken into account and the system has more time to migrate from one region to other. If all hoppings are computed, the pyramidalized and the ethylidene regions are responsible for 42.6% and 33.5% of hoppings, respectively.
During the dynamics, eff ͑10 fs͒ increases up to 75 fs ͓see Fig. 8͑b͔͒ and starts to decrease from this moment on, which provides the S 1 -state lifetime of 105 fs ͑E v = 7.35 eV͒ or 139 fs ͑E v = 6.2 eV͒. 31 The fraction of hoppings in the pyramidalized region in comparison to the hoppings in other regions decreases with time, reflecting the aforementioned dispersion of the trajectories to other regions of the PES, mainly to the ethylidene region.
The analysis of our data shows that it does not matter how the first hoppings are computed in detail or what vertical-energy excitation we have chosen, the region of the S 1 / S 0 seam close to the twisted-pyramidalized MXS is always the most important one for nonadiabatic transitions, being responsible for 40%-60% of the transitions. The majority of the other transitions occurs in regions near the H-migration conical intersection and the ethylidene MXS. Transitions at twisted-orthogonal structures give a minor contribution of 2%-5%, with the hopping-energy distribution centered at 2.6 eV. Figure 8͑c͒ presents the distribution of effective first hoppings in terms of transition energy. The probability of a hopping to take place decays exponentially with the transition energy ⌬E. This is an indication that out of the region of crossing the system is evolving in a purely adiabatic way. Although most of the S 1 → S 0 hoppings ͑87%͒ occur with transition energies smaller than 1 eV and the average transition energy is 0.52 eV, we should note, however, that still 13% of hoppings occur with an energy of more than 1 eV. Figure 10 shows the S 0 energy of the structures in the pyramidalized and H-migration regions of the seam for which S 1 → S 0 hoppings with transition energy lower than 1 eV occur. From this figure it is clear that the transitions can occur as much as 2 eV above the MXSs. This means that the system spans the high dimensionality of the seam, more than restricting itself to regions close to the minima in the seam.
During the dynamics, the back-hopping probability depends on the topology around the conical intersection 36, 57, 58 and the coupling between different vibrational modes. 59 Each region of the seam will have a different efficiency in converting the population of the excited state into the ground state. To assess the importance of back-hopping in each region of the seam, we define the seam efficiency of a region as the fraction of hoppings in that region that is not followed by back-hopping within an interval ⌬t. It is useful to bear in mind that efficiency differs from the effective first hopping eff discussed above, since the latter one accounts just for the first hopping not followed by a back-hopping after a time interval ⌬t. Here, later hopping events are also included. Figure 11 shows the efficiency for the main regions in the ethylene case, computed for three different values of ⌬t. We see that in the pyramidalized region, about 80% of hoppings are not followed by a back-hopping within 10 fs. However, just 40% of hoppings in this region are not followed by a back-hopping within 100 fs. As expected, the same decrease in the efficiency is observed in the other two regions of the seam. By computing back-hoppings within ⌬t = 10 fs, the pyramidalized region is the most efficient one, followed by the H-migration region. With ⌬t = 50 and 100 fs, the H migration becomes slightly more efficient than the pyramidalized region. In any case, the ethylidene region has the smallest efficiency, which agrees with the previous conclusions by BenNun and Martínez 15 based on the analysis of the slope of the g-h space around the MXS's.
V. CONCLUSIONS
Direct trajectory with surface hopping calculations were performed in order to present a quantitative assessment of the importance of each region of the S 1 / S 0 crossing seam for the photodynamics of ethylene. Despite the somewhat differing quantitative results that we obtain in dependence on the way of computing the number of hoppings, it is possible to compose a general picture of the photodynamical process. After a vertical photoexcitation to the V state within geometry close to the planar one, the system evolves quickly in a coupled torsion/CC-stretch motion during the first 50 fs. During this initial stage, the coupling between the V and the Z states produces a recurrence pattern of oscillations of the populations in the S 1 and S 2 states. Within the first 100 fs, the S 1 state population spans a limited region of the configuration space between the initial geometries and the twistedpyramidalized MXS, which does not contain any energy barriers. About 50% of the S 1 → S 0 transitions occurs in the pyramidalized region of the seam, but not necessarily close to the MXS. The remaining 50% occurs in the H-migration and ethylidene regions. After 60 fs, the frequency of hoppings starts to decrease. The conversion to the ground state in the ethylidene region becomes more important in later stages of the dynamics ͑Ͼ80 fs͒ when the flux of trajectories that was not effectively converted in the pyramidalized region starts to reach this part of the configuration space. Such a process can happen quite frequently since ͑i͒ an isolated molecule is treated without any possibility for energy transfer to the environment and ͑ii͒ ethylene is a rather small 
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